All mammalian cells express three closely related Ras proteins: H-Ras, K-Ras and N-Ras that promote oncogenesis when mutationally activated at codons 12, 13 or 61. Despite a high degree of similarity between the isoforms, K-Ras mutations are far more frequently observed in cancer and each isoform displays preferential coupling to particular cancer types. We have examined the mutation spectra of Ras isoforms curated from large-scale tumour profiling and found that each isoform exhibits surprisingly distinctive codon mutation and amino acid substitution biases. These were unexpected given that these mutations occur in regions that share 100% amino acid sequence identity between the three isoforms. Importantly, many of the mutational biases were not due to differences in exposure to mutagens because the patterns were still evident when compared within specific cancer types. We discuss potential genetic and epigenetic mechanisms together with isoform-specific differences in protein structure and signalling that may promote these distinct mutation patterns and differential coupling to specific cancers.
Introduction
Ras proteins are proto-oncogenes that are frequently mutated in human cancers. They are encoded by three ubiquitously expressed genes: HRAS, KRAS and NRAS. These proteins are GTPases that function as molecular switches regulating pathways responsible for proliferation and cell survival. Ras proteins are normally tightly regulated by guanine nucleotide exchange factors (GEFs) promoting GDP dissociation and GTP binding and GTPase-activating proteins (GAPs) that stimulate the intrinsic GTPase activity of Ras to switch off signalling. Aberrant Ras function is associated with hyper-proliferative developmental disorders and cancer and in tumours is associated with a single mutation typically at codons 12, 13 or 61 (1) . Mutation at these conserved sites favours GTP binding and produces constitutive activation of Ras ( Figure 1 ). Importantly, all Ras isoforms share sequence identity in all of the regions responsible for GDP/GTP binding, GTPase activity, and effector interactions suggesting functional redundancy. Despite this, it has become increasingly apparent that Ras proteins exhibit isoform-specific functions (2) . These functional differences are most likely associated with the unique C-terminal hypervariable region (HVR) in each isoform, which is thought to modulate the Ras/membrane interaction to specify distinctive localizations in organelles and signalling nanoclusters (3) .
An intriguing observation from the early days of Ras research was that different types of cancer appear to be coupled to mutation of a particular Ras isoform (4) . We have revisited this unexplained phenomenon using latest data from large-scale collation of tumour sequencing to reveal additional patterns of isoform-specific codon and point mutation bias. We discuss the effects of these mutations on Ras function together with potential mechanisms leading to differential patterns of Ras isoform mutations.
Ras mutation frequencies Large-scale tumour profiling
Early analysis of Ras isoform mutational status in cancer revealed varying incidences of Ras mutations in different tumour types and specific association of individual Ras isoforms with particular cancers (4) . Despite relatively low sample sizes strong trends were identified, for example that K-Ras is the most frequently mutated isoform in most cancers with the extreme example of pancreatic cancer where 90% of tumours harboured K-Ras mutations. In contrast N-Ras mutations were more strongly associated with haematopoeitic tumours. The advent of large-scale tumour profiling and data sequencing databases now enables deeper analysis of Ras mutational spectra that was not possible with the limited sampling associated with previous studies. The catalogue of somatic mutations in cancer (COSMIC) represents the most comprehensive database on human tumour mutations currently available (5) .
The COSMIC dataset confirms that K-Ras is the most frequently mutated isoform present in 22% of all tumours analysed compared to 8% for N-Ras and 3% for H-Ras (Table 1) . These headline values indicate an often quoted compound mutation rate of 30%; however this is distorted by the screening bias evident within the dataset, particularly for K-Ras where colorectal cancer dominates the data totals. When all cancers where at least 20 tumours were counted are given equal weighting then the average pan-Ras mutation incidence is 16%.
With the exception of the salivary gland, screening has already been focussed on the locations and isoforms with the strongest coupling. Notably however, the pancreas mutation rate is 60% rather than the generally quoted 90%. In most cases one isoform dominates the number of mutations scored for a particular cancer. Thyroid, however, is an exception where large numbers of mutants of all three isoforms have been counted. While these observations confirm known trends, comparison of the codon mutations between the Ras isoforms reveals some intriguing deeper patterns.
Codon specificity of Ras isoform mutations
Analogous to the isoform bias we can see in specific cancers, analysis of codon mutation frequencies reveals that each isoform has a distinctive codon mutation signature (Figure 2 ). K-Ras and N-Ras represent two extremes of this phenomenon. 80% of K-Ras mutations occur at codon 12 whereas very few mutations are observed at codon 61. In contrast, almost 60% of N-Ras tumours harbour mutations at codon 61 versus 35% at codon 12. H-Ras displays an intermediate behaviour with an approximate 50%:40% split between mutations at codons 12 and 61 respectively. These data represent averages of percentages for each cancer where at least 20 tumours were scored. Importantly, closer examination of trends within different cancers confirms the individuality of each isoform even in circumstances where presumably the isoforms will have been exposed to common mutagenic factors ( Figure 2B ). These differences in codon specificity are surprising because all three oncogenic mutations are in amino acid regions that are identical between the three isoforms and assumed to generate equivalent effects on protein activity. Notably, even at the DNA level K-Ras and N-Ras share identical sequences encoding Gly12 and Gln61. Furthermore, individual single base substitutions result in the same amino acid replacement for all of the isoforms. Despite this, examination of the preferred single base substitutions collated from all Ras mutated tumours in the COSMIC database reveals the final level of difference between the isoforms (Table 2) .
Ras codons 12, 13 and 61 can each be converted to six other amino acids via single base substitutions. Despite this, >60% of the total mutations for each isoform are accounted for by only three of the 18 potential mutations across the codons (Table 2) . K-Ras mutation patterns are dominated by the 43% that are G→A transitions at the second base of codons 12 or 13 resulting in G12D or G13D mutations. G→T transversions at the second base make up the bulk of the remainder to produce G12V although a special case exists in lung cancer where G→T transversion of the first base of codon 12 to produce G12C predominates. NRas favours similar types of mutations at codons 12 and 13 albeit at much lower rates than K-Ras. In contrast, H-Ras favours G12V in all cancers with codon 12 mutations and more generally exhibits a 3-fold higher proportion of transversion to transition mutations compared to K-Ras and N-Ras. Mutations at codon 61 recapitulate the heterogeneity evident between isoforms at codon 12.
These data reveal that Ras isoforms exhibit differential and preferential coupling to specific cancers, codons and substitutions generating oncogenic mutations. The distinct mutation patterns exhibited by Ras isoforms raise fundamental questions about their etiology. For example, do the mutation patterns reflect genetic or epigenetic differences between Ras isoforms that may lead to differential targetting of mutagens or repair processes? Additionally, how is this influenced by protein level effects such as relative Ras isoform abundance in tissues, cells and subcellular compartments or possibly isoform-specific differences in the effects of individual mutations on activity that combine to modulate signalling output and therefore relative oncogenicity?
Ras mutation etiology
Many genotoxic agents have been implicated in causing Ras mutations. Sequence motifs have been identified that correlate with highly reproducible mutagenesis. For example, classic chemical carcinogenesis studies showed that methylnitrosourea (MNU) targets the second base of codon 12 of H-Ras and K-Ras in a variety of cancer types to generate G12D mutations (6, 7) . In contrast, UV-radiation targets pyrimidine dimers resulting in a high bias towards generating Ras Q61 mutations (8) . The general trends in the dataset indicate predominantly bulky adduct induced damage for K-Ras mutations at codon 12 and chemical or UV-radiation induced damage for Q61 mutations in N-Ras.
It is clear that some of the observed mutational heterogeneity is due to tissue-specific exposure to different cocktails of mutagens. This is particularly the case when comparing mutation patterns across a single isoform. For example, lung cancer shows a highly distinctive coupling to G12C mutations ( Table 2 ). The G.C→T.A transversions generating the G12C mutation have been associated in in vitro studies with bulky DNA adduct formation by tobacco smoke products (9) . This specific mutation is most common in current smokers with incidence progressively declining to zero in former and never smokers (10) . Whilst G12C appears to be a diagnostic mutation of exposure to tobacco smoke mutagens, it is far less abundant in pancreatic and colorectal cancers that are also strongly linked to smoking indicating tissue-specific differences in exposure to individual tobacco mutagens (11) (12) (13) .
Other examples of potential tissue-specific mutagen exposure are colorectal cancer (CRC) and haematopoietic/lymphoid cancers where K-Ras and N-Ras exhibit unusually high preponderances of codon 13 mutations. Interestingly, in advanced CRC, G13D mutations have prognostic significance with anti-EGF receptor cetuximab-based therapy (14) . This drug is not given to patients with K-Ras mutations because those with G12 mutations don't respond. However, patients with G13 mutated tumours showed significant improvements in survival indicating the importance of discriminating between Ras codon mutation types in designing clinical trials and treatment programmes.
Genetic and epigenetic influences
Some of the mutational bias implies differential exposure to mutagens. Whilst this may account for distinct mutations of K-Ras found in different cancers it doesn't explain why there is a difference between isoforms within the same cancer. The best example of this is thyroid carcinoma where significant numbers of mutations of all isoforms have been identified. This type of cancer has been particularly linked to exposure to ionising radiation as well as various chemical carcinogens (15) . Comparison of mutation patterns across the Ras isoforms reveals clear bias with 95% of N-Ras mutations occurring at codon 61 whereas 66% of K-Ras mutations occur at codon 12. Analogous to the headline trends seen across all cancers, H-Ras has an intermediate profile with a 40%:50% split between codon 12 and codon 61 respectively. Within the codons the mutation patterns are also distinctive, for example at codon 12 K-Ras is predominantly G12D mutated whereas H-Ras favours G12V.
There has been little experimental analysis of the potential reasons for these differences to date. We can however use the empirical data available and draw some inferences from a larger number of studies carried out using the TP53 gene. We can then speculate that the heterogeneity could be due variables such as DNA primary sequence, secondary-quaternary structural effects and the position of the Ras genes within the genome and the nucleus. Together these effects may improve or limit access of different mutagens or repair enzymes.
Importantly, Ras isoform-specific differences in rates of DNA damage and repair have been identified. Tang and colleagues measured both adduct formation and subsequent repair of Ras isoforms following exposure to various bulky carcinogens including benzo[a]pyrene diol epoxide (BPDE) (16) . They showed that codon 12 was the preferred binding site for BPDE on K-Ras but that adduct levels were reduced at this site in N-Ras and H-Ras. Other carcinogens including N-acetoxy-2-acetylaminofluorene (NAAAF) that have different modes of binding to the target guanine recapitulated this pattern. Significantly, whilst genomic DNA retained this K-Ras codon 12 targeting specificity for DNA adducts, PCR products of the primary target sequences did not (17) . This mirrors a discrepancy between the observable BPDE adduct sites in human TP53, which occur at common smoking-related mutation hotspots in lung cancer (18) , and the BPDE-induced mutation distribution from the p53 yeast functional assay (19) . The yeast assay comprises a shorter TP53 cDNA construct rather than the entire gene sequence meaning the tertiary DNA structure surrounding mutation hotspots will differ to that in genomic DNA. These observations suggest that the binding potential of a carcinogen to a target nucleotide in both K-Ras and TP53 does not just depend on very local sequence context but also distal sequence and higher DNA organisation or modification.
Large scale surrounding sequence context may be an important determinant in shaping the pattern of Ras gene mutations. Whereas the amino acid sequence encoded by each isoform is almost identical across many species, the DNA sequence has considerable variation. Exon 1 sequence variation between isoforms could lead to differential formation of secondary structures such as hairpin loops during transcription. Examples of this are seen at common TP53 mutation hotspots correlated with a number of predicted stem-loop structures which suggest that hypermutable bases frequently lie within single stranded DNA in close proximity to stems (20) . In acute myeloid leukaemia (AML), K-Ras and N-Ras present a similar distribution of G.C→A.T and G.C→T.A mutations at codons 12. However, analysis of the COSMIC database reveals that the observable rate of mutations is almost six times greater for N-Ras compared to K-Ras. The expression level of N-Ras has been shown to be elevated relative to K-Ras in AML (21) . Assuming a similar etiology for these mutations in either isoform it is possible that secondary structures formed during increased transcription lead to the higher mutation rate observed for N-Ras in AML tumours. Furthermore, the interplay between the target specificity of a particular mutagen and transcription-associated local secondary structure could explain the high levels of mutations at codon 12 relative to codon 61 in N-Ras which is rarely seen in other tumours. Surprisingly, a straightforward analysis of secondary structures has not been performed for codons 12, 13 and 61 in any Ras isoform to date.
Differences in DNA sequence between the Ras isoforms may also influence the repair efficiency of carcinogen adducts. Evidence for this comes from Tang and co-workers who found that repair of BPDE adducts at codon 12 of K-Ras was slower and thus inefficient compared to H-Ras and N-Ras (16). In TP53 it was found that BPDE adducts at major mutation hotspot positions are also regions of slow repair relative to other adduct sites (22) . Furthermore, a number of these BPDE adduct sites are associated with low DNA curvature which is sequence dependent (23) . Thus, local and more distal sequence context differences in Ras isoforms could result in differences in tertiary structure that significantly influence repair efficiencies.
The collective data provides evidence that increased adduct targetting and relatively poor repair renders K-Ras codon 12 far more likely to end up mutated and provides a plausible explanation for the higher K-Ras mutation rates observed in cancers. The reasons proposed for these differences in targetting and repair remain speculative. However, it is clear that the three Ras genes represent an excellent comparative model system for future investigation of the underlying genetic or epigenetic mechanisms leading to mutational spectra and hotspots.
Protein-based mechanisms Structural implications of point mutations
The catalytic domain of Ras proteins consists of two lobes with an interface that includes switch II on the N-terminal lobe (residues 1-86) and helix 3 on the C-terminal lobe (residues 87-171) (24) ( Figure 3A ). The first can be thought of as the effector lobe, as it contains all of the Ras components that interact with effectors. The second is the allosteric lobe that interacts with the membrane (25) and contains all of the isoform specific differences outside of the HVR (24) . Ras activation in response to the loading of GTP involves large conformational changes in switch I and switch II (26) as well as reorientation with respect to the membrane (27) that promote binding of effector proteins. Given the slow intrinsic hydrolysis rate measured in vitro for Ras (28) , the deactivation of the signal is critically dependent on enhancement of GTPase activity by GAP (29) or by another mechanism such as the recently discovered allosteric switch associated with the RAS/RAF/MEK/ERK pathway ( Figure 3B ) (30, 31) . In the latter case, a shift in helix 3/loop7 away from switch II is associated with a disorder to order transition that brings the catalytic Q61 residue into the active site upon binding of an acidic group, most likely a membrane component, at a remote allosteric site (30) . The impaired ability of Ras mutants to hydrolyse GTP, either intrinsically or in response to GAPs, is responsible for the oncogenic nature of mutations at residues G12, G13 and Q61 in the active site. It is therefore important to understand the critical roles these residues play in facilitating catalysis.
The structure of Ras in complex with GAP solved in the presence of GDP and AlF 3 mimics the transition state of the hydrolysis reaction, with AlF 3 taking the place of the γ-phosphate in its planar conformation with the nucleophilic water molecule on one side and the GDP leaving group on the other (32) . A prominent feature of this structure is the so-called GAP arginine finger that inserts into the RAS active site, providing a positive charge to stabilize negative charges that accumulate during the course of the hydrolysis reaction ( Figure 3C ) (33) . The arginine finger is positioned in close van der Waals contact with the Cα atom of G12; this interaction would be displaced by any side chain at this position. Thus, mutants at G12 do not form the transition state complex with GAPs (34) . As exemplified by G12D and G12P (35) as well as by G12V (34) they bind GAP with varying affinities with no increase in hydrolysis rates. Interestingly G12P is the only mutant of G12 that is non-transforming in cells (36) , does not appear in any tumours (Table 2 ) and has a normal or slightly enhanced intrinsic hydrolysis rate (35) . Although not much can be found in the literature on the structural biology of mutations at G13, it is clear from the Ras/RasGAP structure that any side chain at this position would also clash to some extent with the arginine finger in GAP. Consistently, small side chains at this position, such as G13A and G13V are able to form the transition state complex with GAP, but larger ones such as G13R cannot (34) .
In addition to contributing a catalytic residue, GAP enhances the hydrolysis rate by ordering switch II and placing Q61 in the active site. In doing so it also promotes a shift in helix 3/ loop 7 similar to that described above for the allosteric switch. The amide group of the Q61 side chain H-bonds to the carbonyl group of the GAP arginine finger, helping to position it in the active site, while its side chain carbonyl group accepts an H-bond from the nucleophilic water molecule. Glutamine is the only one of the 20 amino acid residues that could serve this dual function, since asparagine would not reach far enough into the active site. Thus, while a mutant such as Q61L does bind GAP with affinity similar to that of wild type (37) it cannot form the transition state mimic (34) and its hydrolysis rate is not enhanced by the interaction (38) .
The Ras active site conformation associated with intrinsic hydrolysis is also impaired by the oncogenic mutants at positions 12, 13 and 61 (31) (Figure 3D ). In intrinsic hydrolysis in the presence of Raf, where switch II is proposed to be ordered through the allosteric switch mechanism, the conserved switch I residue Y32 partially overlaps with the position where the GAP arginine finger would bind and its hydroxyl group is bridged to the γ-phosphate of GTP through a second catalytic water molecule, the bridging water, that also interacts with catalytic residue Q61 (30) . Although a structure mimicking the transition state of this reaction is not yet available, it is proposed that during activation of the nucleophilic water a proton is shuttled through the γ-phosphate to the bridging water molecule, providing a partial positive charge that stabilizes negative charges developed during the reaction in lieu of the GAP arginine finger (30) . Mutations at G12 and Q61 have similar effects by displacing the bridging water molecule and disallowing the positioning of residue 61 as seen in the wild type (31) ( Figure 3D) . The structure of G12D shows similar perturbations in the active site, but this time one of its side chain carboxyl groups takes the place of the bridging water in connecting Y32 to the γ-phosphate of GTP, while its other side chain oxygen atom H-bonds to the Q61 side chain (35) (Figure 3D ). All mutants of either G12 (except for G12P) or Q61 result in at least a 10-fold decrease in intrinsic hydrolysis rate measured in vitro. Unfortunately very little biochemical and structural information is available for the G13 mutants, but it is clear that any side chain at this position would clash with the position of Y32 in the active site conformation associated with intrinsic hydrolysis.
It is clear from the Ras mutation spectra in Table 2 that G12D, G12V, Q61K, Q61L and Q61R mutations predominate over others. However, although the structural perturbations of the active site caused by these mutants explain how they may contribute to oncogenic transformation, they do not explain their prevalence over other mutants such as G12I or Q61V that are expected to have similar active site perturbations and are equally potent in promoting transformation in NIH-3T3 cells (36, 39) . In vitro experiments indicated that the most highly transforming G12 mutants in cells are I, V, L, T and R (36) . G12I/L/T mutations require more than one base substitution to occur explaining their relative rarity; in contrast, the highly potent G12R requires a single substitution of the first base yet is also rare. It is notable that the most frequently observed mutations, G12D and G12V, occur following middle base substitutions. Whilst there is no obvious protein structural reason for their predominance we speculate that their abundance may reflect their relative potency combined with a broad specificity of mutagens for the changing the middle base of codon 12.
The situation is much more clear for the Q61 mutants, where V, L, K, A, C and R are the most highly transforming mutants in NIH-3T3 cells (39) . Of these, only L, K and R, the most predominant Q61 mutants, result from single base changes in the wild type codon for glutamine. The structural origin for the potency of the Q61 highly transforming mutants is that in addition to perturbing the conformation of the active site associated catalysis as described above, these mutants shift the conformational equilibrium toward an anticatalytic conformation of switch II when in the complex with RAF (40).
Since the effector lobe is identical in all isoforms, the isoform specific preferences for G12, G13 or Q61 mutations shown in Figure 2 must be due to components that interact with the membrane, entirely found in the allosteric lobe ( Figure 3A ) and the C-terminal HVR. The HVR in particular carries low homology between the isoforms and directs localization in membrane environments with distinct composition for each isoform (3) . Interaction at the recently discovered allosteric site may be sensitive to the membrane composition and this site is directly linked to the active site through the allosteric switch, which in turn may be affected differently by the various oncogenic mutations.
Isoform-specific Ras signalling
A final contribution to generating the bias in Ras mutation frequencies could be distinctive signal outputs by Ras isoforms. Despite being almost identical they are not functionally redundant. The main current model for explaining isoform-specific Ras signalling involves compartmentalization (3, 41, 42) . This is based on the fact that the only area of significant protein sequence divergence between the isoforms is in the final 25/26 amino acid HVR that contains all of the membrane binding and trafficking information (Figure 1 ). Whilst the plasma membrane is the major location for all Ras isoforms they have also been localized to intracellular membranes including the ER, Golgi, endosomal network and mitochondria (2) . Each isoform is present in these locations in different concentrations due to differences in total abundance, specific targetting and relative affinity (43) (44) (45) (46) (47) (48) (49) . These differences in relative localization are believed to enable the Ras isoforms to come into contact with different pools of regulators and effectors to generate overlapping but distinctive outputs.
Over 20 effectors have been identified that can be broadly categorised as kinases or regulators of other GTPases (2). The most important are the proliferation inducing Raf-MEK-ERK kinase cascade and the phosphatidylinositol 3-kinase (PI3K)-protein kinase B (PKB)/Akt pathway that promotes cell survival. In vitro experiments have shown that H-Ras is a better activator of PI3K whereas K-Ras is more strongly coupled to Raf and Rac (50) (51) (52) . Of more significance, endogenous isoform-specific differences have been identified in human and mouse development. In humans, germ-line mutations of each isoform generates overlapping but distinctive sets of neuro-cardio-facial proliferative disorders (53) . These mutations also favour Ras activation but are largely distinct from the main oncogenic mutations (Figure 1 ). In mice, K-Ras knockout is lethal whereas N-Ras and H-Ras double knockout mice develop apparently normally (54) (55) (56) . Importantly, H-Ras is able to substitute for K-Ras when placed under the same endogenous locus (57) . Together, this indicates that precisely co-ordinated expression is critical and argues against pathways uniquely regulated by individual isoforms.
Whilst all isoforms have been investigated for their oncogenic signalling properties there have been relatively few studies where all three have been directly compared. A good in vitro model for future work is the isogenic cell approach where mutant endogenous genes can be compared in an identical genetic background. Using this type of approach, K-Ras was shown to be more potent at generating colorectal cell transformation and modulating signalling compared to the other isoforms (58) . Equivalent mouse models with oncogenic mutations to endogenous genes have also been instructive. In genetically engineered mice, G12D mutated K-Ras but not N-Ras promoted widespread colonic epithelial hyperplasia and also neoplasia when in combination with APC mutations commonly seen in colon cancer (59) . The unique capacity of K-Ras to promote colorectal adenocarcinoma was proposed to link to proliferative pathway signalling via Raf; in contrast, N-Ras triggered cell survival pathways to inhibit apoptosis (59, 60) . Interestingly, mutant N-Ras but not K-Ras conferred resistance to apoptosis in response to the inflammatory cytokine TNFα; suggesting a model where the relatively infrequent N-Ras mutations associated with colorectal cancer may be associated with selective pressure exerted by chronic inflammation (60, 61) .
The data on isoform-specific signalling are not yet comprehensive however it seems clear that the differences are relatively subtle and tissue context specific. This is exemplified in comparative studies that revealed that G12V mutated K-Ras promotes endodermal stem cell expansion by promoting proliferation and inhibiting differentiation (62) . In contrast, mutant N-Ras had no detectable effect whilst H-Ras G12V actively promoted differentiation. All Ras isoforms differentially used the same effector pathways to achieve these disparate effects (62) . These results are significant because many cancers including pancreas, lung and colorectal are of endodermal origin. These data suggest a model where K-Ras coupling to these major cancer types is via its role in expanding cancer progenitor cells in these tissues (1, 63) .
It is important to note that signalling will also be highly context dependent. The beneficial effects of G13D versus G12D mutations as prognostic indicators for anti-EGFR therapy in advanced CRC are not evident in non-small cell lung cancer (NSCLC) (14, 64) . A parallel observation is that the Ras effectors, BRAF and PIK3CA are far more frequently mutated in CRC (11-13%) compared to NSCLC (1-2%) and pancreatic carcinoma (<1%). This implies different dependency on activation of specific effector pathways in cancer types exhibiting high rates of KRAS mutations (17-61%) and suggests differential coupling between KRAS and key effector pathways. Based on the G12D/G13D observations in advanced CRC it is also tempting to speculate that specific cancers may be promoted predominantly by upregulation of particular signalling pathways that may be most sensitive to mutations at a given residue. Strong support for this notion comes from work on the Ras allosteric switch associated specifically with the Ras/RAF/MEK/ERK pathway where the Ras/RAF interaction severely impairs hydrolysis in highly transforming Q61 mutants such as Q61L and Q61K (40) . Thus the Q61 mutants are expected to have a very strong oncogenic effect where the RAF pathway is primarily involved in promoting the cancer through misfunction of the allosteric switch. Interestingly N-Ras, for which Q61 mutants are particularly prominent in cancers is also the only isoform for which a mutation in the allosteric site has been found in tumours (at the R97 position, Figure 1 ).
In summary, these data reveal that Ras isoforms are differentially capable of influencing important phenotypic responses that contribute to cancer initiation and progression. K-Ras Europe PMC Funders Author Manuscripts appears to be the most capable of sustaining cancer programmes and this would translate into strong selective pressure for mutations of this isoform. However, it is striking that despite a prolonged period of investigation, that the differences in signal network responses responsible for the pre-eminence of K-Ras over the other isoforms and their context dependent signalling remain largely uncharacterised.
Conclusions
We have identified differences in mutational spectra between the three Ras isoforms that are likely to be a consequence of multiple interacting intrinsic and extrinsic factors. Tissuespecific comparison between isoforms indicates that these are not simply due to differences in mutagen exposure that could create the heterogeneity observed across a single isoform. We have identified genetic, epigenetic and protein based mechanisms that may contribute to generating these mutational spectra. The expression of three almost identical Ras isoforms from separate gene loci presents a unique opportunity to deconvolve the effects. Consequently, they represent the ideal model system for probing generic questions about mutagenesis, carcinogenesis, signalling network integration and how contextual influences such as relative abundance, tissue expression and subcellular localization modulate these complex phenomena. We anticipate important advances in our understanding of these areas in the near future with the development of large scale screening platforms, isogenic model systems and a more systematic approach to analysing the isoforms in parallel.
Figure 1. Oncogenic mutations of Ras isoforms
The key oncogenic mutations are in the region that is identical between the three isoforms. 44 separate point mutations have been characterised in Ras isoforms with 99.2% of all mutations occurring at codons 12, 13 and 61. Mutations cluster in and around loops 1, 2 and 4 responsible for nucleotide binding and result in enhanced GTP binding. Residues mutated in cancer are highlighted in red, those mutated in developmental disorders are underlined and residues that are variable between isoforms are in grey (26, 65, 66) . The wild type is shown in yellow (PDB code 3K8Y), G12V in magenta (PDB code 3OIW), G12D in cyan (PDB code 1AGP) and Q61L in green (PDB code 3OIU). The wild type structure contains both the nucleophilic and bridging water molecules. Note that in G12D the side chain of D12 replaces the bridging water molecule, whereas in G12V and Q61L there is a direct H-bond between Y32 and the γ-phosphate of the nucleotide. Mg 2+ is shown in yellow sphere and water molecules in red spheres in each structure. Hydrogen bonds in the wild type structure are depicted in red dashed lines. Those in the G12D mutant are in black dashed line. Hbonds in the G12V and Q61L structures are not shown. Note the proximity of G13 to the Y32 side chain in the wild type structure.
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